Nitric oxide planar laser-induced fluorescence (NO PLIF) imaging at repetition rates as high as 1 MHz is demonstrated in the NASA Langley 31 in. Mach 10 hypersonic wind tunnel. Approximately 200 timecorrelated image sequences of between 10 and 20 individual frames were obtained over eight days of wind tunnel testing spanning two entries in March and September of 2009. The image sequences presented were obtained from the boundary layer of a 20°flat plate model, in which transition was induced using a variety of different shaped protuberances, including a cylinder and a triangle. The high-speed image sequences captured a variety of laminar and transitional flow phenomena, ranging from mostly laminar flow, typically at a lower Reynolds number and/or in the near wall region of the model, to highly transitional flow in which the temporal evolution and progression of characteristic streak instabilities and/or corkscrew-shaped vortices could be clearly identified.
Introduction
Many critical hypersonic flow phenomena, such as flow transition, turbulence, shock-wave flapping, and vortex shedding, occur at frequencies of tens or hundreds of kHz and cannot be temporally resolved by conventional measurement techniques, such as force and moment, phosphor thermography, and schlieren imaging. While some advanced Schlieren systems and intrusive probes (e.g., hot wire) can obtain flow data in this frequency range, nonintrusive, spatially, and temporally resolved measurement techniques are required to provide benchmark data for compar-ison with computational fluid dynamics (CFD) codes. Since its inception more than 25 years ago [1, 2] , planar laser-induced fluorescence (PLIF) imaging has developed into a powerful technique for qualitative and quantitative visualization in a wide variety of flow and combustion environments. However, the ability to capture unsteady flow dynamics at high speed is severely constrained by the relatively low repetition rates (order 10 Hz) of typical PLIF systems. More recently, solid-state diode-pumped/dye laser technology appears capable of achieving up to 10 kHz PLIF imaging, but this is still much lower than the bandwidth required for tracking flow phenomena in hypersonic flows [3] [4] [5] . To address this diagnostic need, we have been developing, over the last several years, an ultrahigh frame rate PLIF imaging system that combines a "burst mode" Nd:YAG-based tunable optical parametric oscillator (OPO) system [6] [7] [8] [9] [10] , with a framing ICCD camera. In this paper, we will demonstrate the capability of the system for obtaining time-correlated PLIF movie sequences in a large scale hypersonic flow facility, the NASA Langley 31 in. Mach 10 hypersonic wind tunnel [11] . Several representative image sequences are presented visualizing flow in the boundary layer of a sharp leading edge flat plate model, where transition is induced by either a cylindrical or triangular shaped protuberance. A total of approximately 200 image sequences were acquired over eight days of wind tunnel testing spanning two entries in March and September of 2009. This paper builds upon the recent results of Danehy et al. [12] [13] [14] by demonstrating, for what is believed to be the first time, the ability to capture sequences of 10-20 NO PLIF visualization images at frame rates as high as 1 MHz. As will be demonstrated, such a system provides the potential to visualize and quantify high-speed hypersonic flow phenomena, potentially resulting in reduced error margins of codes used to design hypersonic vehicles. Improved predictive capability is critical to optimizing the design of heat shields, for example, which ensure the survival and affect the overall weight of high performance hypersonic vehicles.
Experimental

A. Laser System Description
The basic operation of the burst mode pump laser used in this work and illustrated in Fig. 1 has been described in detail previously [7, 9] . Briefly, a continuous wave diode-pumped Nd:YAG ring laser serves as the primary oscillator, the output of which is preamplified in a double-pass variable pulse width (0:3-2:0 ms) flash-lamp-pumped pulsed amplifier. The amplifier rod is 10 cm in length by 6:4 mm in diameter, and it is wedged at a few degrees to mitigate self-lasing. The resulting smooth pulse is formed into a "burst" train using a custom, dual Pockel cell "slicer," the output of which is further amplified in a series of six additional flash-lamp-pumped amplifiers, with 6.4, 6.4, 9, 9, 12.7 , and 12:7 mm diameter × 10 cm long rods, respectively. Note that the slicer produces burst sequences of ∼20-30 pulses at 1064 nm, each with duration of~10 ns and pulse energy of ∼10 −9 J (1 nJ). The remaining amplifier stages increase the individual average pulse energy to~100 mJ per pulse (10 8 gain), or more, at 1064 nm.
The generation of such high energy (~100 mJ/ pulse) burst sequences at repetition rates exceeding 100-250 kHz is extremely challenging, due to the inherent dynamics of achieving population inversion (i.e., gain) in the Nd:YAG medium. It is well known that the maximum optical gain in an Nd:YAG amplifier occurs at a time delay of~180 μs after the initiation of the flash-lamp pumping pulse. In the current configuration of the burst mode laser system, the flash lamps provide a quasi-continuous pumping pulse over time scales of between 0.3 and 2.0 ms using variable pulse width flash-lamp power supplies. If only relatively modest individual pulse energies are required (∼ a few mJs) such that the population inversion of the lasing transition is insignificantly reduced by each output pulse, then achieving a high repetition rate is relatively straightforward. For example, low (2:5 mJ=pulse at 532 nm) energy sequences of 20 pulses at a 250 kHz repetition rate, suitable for scattering-based diagnostics such as planar Doppler velocimetry, were obtained several years ago [7] . As pulse energy requirements are increased, however, there is significant gain depletion that occurs in the amplifier chain after each pulse of the burst. At relatively long interpulse spacing (~20 ms or greater), this is less of an issue in that there is sufficient time between the pulses for a nonnegligible fraction of the initial gain to be "refilled." For example, 20-pulse burst sequences at 20 kHz (50 μs spacing) with individual pulse energy in excess of 400 mJ (at 1064 nm) have recently been demonstrated [9] .
At the required interpulse repetition rates (500 kHz to 1 MHz) and individual pulse energies (~100 mJ@1064 nm) for imaging in large scale hypersonic facilities, the lack of gain refilling between the pulses is a very significant factor, limiting achievable pulse energy, pulses per burst, and burst-toburst uniformity. To address these limitations, a seven-amplifier pulse burst laser system has been assembled, as shown in Fig. 1 . Note that amplifiers cannot simply be added arbitrarily, as system performance is ultimately limited by the growth of amplified spontaneous emission (ASE) in the forward direction. As will be discussed in more detail directly below, breaking the ASE chain is one of the functions of the stimulated Brillouin scattering (SBS) phase conjugate mirror (PCM), which is located between the third and the fourth amplifier.
Inclusion of an SBS PCM is a well-known approach for improving the spectral characteristics of a pulsed laser beam [15] . For this work, the purpose of the PCM is twofold. First, since it acts as a highly nonlinear intensity dependent mirror, it essentially eliminates the low intensity pedestal that is superimposed upon the desired pulse burst sequence due to the finite on/off contrast of the pulse slicer. In addition, placement of the PCM approximately halfway through the amplifier chain greatly suppresses ASE growth in the forward direction, which ultimately dictates the limit of achievable pulse energy. ASE, which grows exponentially (from noise) with the number of passes through the Nd:YAG gain medium, does not attain sufficient energy to achieve SBS threshold when the PCM is located at this point in the amplifier chain. Downstream of the PCM ASE, growth restarts, from noise, at the fourth amplifier. Interruption of the ASE exponential growth "chain" in this manner results in negligible ASE growth, even after a total of seven amplifiers.
Fluorinert FC-75, which has been used extensively as an SBS fluid [7] , was previously found to perform well when operating the burst mode laser at repetition rates of less than~250 kHz [8] . However, it was found that operation at frequencies of 500 kHz or higher resulted in poor stability and burst uniformity, indicating, presumably, that the system was being operated at, or near, the SBS threshold. To mitigate this problem, CS 2 , which is commonly used for SBS phase conjugation [16] [17] [18] , and which has an SBS gain coefficient that is a factor of approximately 14 higher than that of FC-75 [17] , was used as the PCM working fluid in this work. When the pulse burst laser is operated at 500 kHz, average individual pulse energy input to the PCM is~4 mJ/pulse. At this pulse energy, as shown in Fig. 2 , the measured SBS reflection efficiency is approximately 65% and 35%, respectively, for CS 2 and FC-75, a significant difference that impacts system performance. Perhaps more importantly, it can also be seen from Fig. 2 that the SBS reflectivity of CS 2 is approximately constant for input pulse energy in the range~1:8-4 mJ (or more), whereas the reflectivity of FC-75 increases approximately linearly from zero (threshold) to~35% in the range. The use of CS 2 as the SBS fluid therefore results in greatly improved burst uniformity for burst rates of 500 kHz or greater.
As in our previous work, the fundamental output at 1:06 μm is converted to second (532 nm) and third (355 nm) harmonic wavelengths using a pair of noncritically phase matched type I LBO crystals [19] . The third harmonic is then used as the pump for a homebuilt injection-seeded OPO system, described in more detail in Ref. [8] . OPO output is sum-frequency mixed with residual 355 nm pump, creating high frequency bursts of tunable output in the vicinity of 226 nm, which are used for NO PLIF imaging. The repetition rate of the burst sequence can be as high as 10 Hz, but is typically limited to 1-2 Hz due to thermal loading of the amplifier rods. Figure 3 shows a typical set of 8-10 pulse oscilloscope traces obtained at 1 MHz burst rate at 1064 (top left), 355 (top right), 622 (bottom left), and 226 nm (bottom right). Note that the 1064 nm trace was obtained with a relatively low sampling rate oscilloscope that required the detector output to be deliberately broadened in time (using a load resistor and the intrinsic cable capacitance).
For spectrally narrowed laser excitation, the OPO was operated with injection seeding [8] , using an external cavity diode laser (ECDL) manufactured by Sacher, Inc. Approximately 20 mW of ECDL output at the idler wavelength is injected into the low finesse OPO cavity through the output coupler (~30% transmission at signal and idler wavelengths), which results in line-narrowed output for both the idler and signal waves. For the seeded measurements performed in this work, the seed laser was tuned to 827:456 nm (vacuum wavelength-measured with a HighFinesse WS-6 Fizeau wavemeter), which after mixing with the third harmonic beam produced UV output at 225:838 nm, exciting the R 1 ð12Þ transition of the NO A-X (0,0) band, which is a reasonable match to the peak of the NO Boltzmann distribution at the nominally 250 K static temperature at the outer edge of the Mach 10 boundary layer. The 31 in. Mach 10 air wind tunnel, shown in Fig. 4 and described in detail in Ref. [11] , is an electrically heated blowdown facility located at the NASA Langley Research Center in Hampton, Virginia, USA. The air flows from a high pressure heater, through a settling chamber and three-dimensional contoured nozzle to the test section. Optical access is provided by top, bottom, and one side wall UV-grade fused silica windows. The facility is capable of approximately one test per hour, with a duration of approximately 1-2 min. The nominal operating stagnation temperature is 1000 K, with stagnation pressure in the range 2:4-10 MPa (350-1450 psia), corresponding to free stream Reynolds numbers (Re) in the range 1:5-6:6 million=m. Test conditions for the data shown in this paper are summarized in Table 1 . Typical static temperature and pressure at the edge of the boundary layer, based on CFD computations for this model and conditions [20] are 250 K and 2:9 kPa (~22 Torr), with a local Mach number of 3.8, for the P 0 ¼ 4:96 MPa (720 psi) stagnation pressure condition. For the images in this paper, transition is induced on a 20°full angle wedge model, the top side of which was a flat plate that was 127:0 mm (5 in.) wide and 162:5 mm (6.4 in.) long and oriented at a 20°angle to the oncoming flow. As illustrated in Fig. 5 , pure NO was injected through an 11 mm wide slot near the sharp leading edge of the model. The NO was injected at a low flow rate [≤300 SCCM (SCCM denotes cubic centimeters per minute at standard temperature and pressure)], resulting in local seed mole fraction of~1-2%, assuming the gas mixes uniformly with the boundary layer fluid. More details about the NO seeding can be found in Refs. [12] [13] [14] . A variety of different shaped protuberances, including cylinders of varying heights (typically 1-4 mm in height) and widths, a triangle, and the boundary layer transition-detailed test objective (BLT-DTO), which was recently flown on the space shuttle (missions STS-119 and STS-128) as part of a boundary layer transition experiment [21, 22] , were tested. In this paper, representative images will be shown using a 2 mm height by 4 mm width cylinder and 8 mm (height) triangle. Results from the BLT-DTO trip will be reported in a separate publication.
To facilitate measurement in the wind tunnel, the laser/OPO optical system was mounted on a portable, 3 ft × 8 ft optical table. A separate portable cart was assembled for the flash-lamp power supplies and other electrical driver components. Figure 6 (left) shows a three-dimensional rendering of the portable pulse burst laser and imaging system installed in the 31 in. facility. Note that Fig. 6 also illustrates the placement of the 10 Hz NO PLIF system used by Danehy et al., which was also installed in the facility during these measurements. Results using that system have been presented separately [23, 24] . For both 10 Hz and high frame rate imaging, the UV output was directed upward, using a series of telescopes and lenses, to the top of the facility, where it was then formed into a~50 mm wide sheet and directed downward into the test section. The total distance the UV laser beam traveled to the test section was~15 m. The downward propagating laser sheet is aligned parallel to the surface of the model, which was oriented with its leading edge vertical. During a tunnel run, the laser sheet was swept through the flow using a stepper motor so that the image location varied between 0 and 5 mm above the surface. A framing ICCD camera (described below), along with an ordinary "dual-frame" ICCD for 10 Hz imaging, was placed close (~30 mm) to the test section imaging window, as shown in Fig. 6 (right) , resulting in the object plane being located about a halfmeter from the camera lens. Burst mode NO PLIF image sequences were captured using a Princeton Scientific Instruments PSI-IV framing ICCD camera and a 110 mm F=2 UV lens. The basic PSI-IV image sensor consists of an 80 × 160 array of 115 × 115 micrometer pixels, each of which has its own integrated 28 element memory buffer. Charge is shifted from the photo active area, which constitutes approximately 50% of the total pixel area, to memory at a maximum frame rate of 1 MHz. After acquisition of the desired sequence, the image set is transferred to a PC. The PSI-IV is designed to enable up to four 80 × 160 image sensors to be incorporated into a single camera for a maximum resolution of 160 × 320. The version used for this work consisted of a pair of sensors with total available resolution of 160 × 160. A lens-coupled UV sensitive microchannel plate intensifier, with a fast decaying phosphor (~160 ns according to manufacturer's specification), provides a time gating capability with a minimum exposure time of approximately 10 ns.
A new method for monitoring the spatial variation in the intensity of laser sheet (i.e., sheet profiling), described in more detail in Ref. [23] , was utilized for these measurements. As can be seen on the right side of Fig. 6 , the laser sheet was allowed to pass through the bottom window of the test section and onto a flat surface oriented at 45°with respect to the horizontal. The flat surface was coated with a fluorescent paint that absorbed in the ultraviolet and emitted in the visible. An unintensified PSI-IV CCD framing camera was used to capture the resulting line image which, with careful registration, was used for sheet nonuniformity correction.
Image sequence acquisition requires approximately 5 s, limited by the download time to the PC, resulting in acquisition of~10-15 movie sequences during each~60 s tunnel runs. A total of approximately 200 usable image sequences were obtained over a total of eight days of testing.
Illustrative Imaging Results
In this section, a representative set of illustrative ultrahigh frame rate imaging sequences, obtained at 500 kHz and 1 MHz, are presented. A more extensive set of 24 image sequences can be found in the appendices of Refs. [23] [24] [25] . Note that in this section, raw, gray scale image sequences are presented, whereas the appendices displays images that have been sheet-corrected and processed in false color. For all image sequences shown, the flow direction is from left to right, as illustrated in Fig. 5 .
A. NO PLIF Cylindrical Trip Images at 1 MHz
As alluded to in Section 2, obtaining NO PLIF images at repetition rates exceeding 250 kHz is challenging due to the gain dynamics of the Nd:YAG laser. Figure  7 shows an eight-frame image sequence (top left to bottom right) obtained at a 1 MHz frame rate, using a 2 mm tall, 4 mm diameter cylindrical trip with the laser sheet located approximately 0:7 mm above the 20°flat plate model surface. In order to provide examples of the inherent image quality obtained with the MHz system, the images in Figs. 7-10 are presented in gray scale, without any image processing (such as sheet correction). In Fig. 7 , the field of view is 2:2 cm × 5 cm, and the nominal facility free stream flow velocity is~1400 m/s, though the velocity at the edge of the laminar boundary layer just upstream of the trip is 1220 m=s (the reduction in velocity is caused by the oblique shock wave on the model).
The stagnation pressure for this run is 5:0 MPa, corresponding to Re ∼ 3:3 million=meter. The "shadow" cast by the cylindrical trip on the downward propagating laser sheet can clearly be seen on the left side of each image. The flow is from left to right. The transitional nature of the flow can be clearly seen from the irregular shaped structures in the image sequence. In particular, the laminar flow upstream of the trip clearly exhibits transition within approximately 1 cm downstream of the trip, as evidenced by the elongated, somewhat cylindrical "streaks" of fluid that rapidly develop. The continued evolution of these large "cylindrical" structures as the flow progresses downstream is also evident, developing into distinct, coherent large scale vortical type structures that can be tracked in time through the image sequence, as indicated by the red box in the figure. Figure 8 illustrates an additional 1 MHz image sequence obtained under the same flow and optical conditions as that of Fig. 7 , except that the laser sheet is higher above the model surface,~1.7 mm. At this location, the observed structures are far more compact, more vortical, and quite periodic. There is also a relative sparseness of visualized structures, some of which is attributed to lack of penetration of the NO seed to this location above the model surface. Additional images obtained 1 mm above the plate, not reproduced here, show development and growth of large scale structures that are similar to that observed at 0:7 mm, although, on average, they are somewhat more distinct and elongated.
B. NO PLIF Triangular Trip Images at 500 MHz
At 2 ms, pulse spacing (500 kHz) achieving longer burst sequences is significantly easier than at 1 ms (1 MHz). Specifically, during the present studies, bursts of 16-20 pulses were typically achieved at 500 kHz, whereas at 1 MHz, 8-10 pulse sequences were more typical. As examples of data obtained at 500 kHz, Figs. 9 and 10 show a pair of 12 (of a total of 20 obtained) frame image sequences from a single tunnel run utilizing a 2 mm tall, 8 mm wide triangular trip (visible near the lower left side of each image) oriented at 45°with respect to the principal flow direction (left to right). For this case, the imaged field of view, which utilized both of the two available PSI-IV image sensors, is~5 cm × 5 cm. For this run, the facility stagnation pressure was 9:3 MPa (1350 psi), corresponding to Re ∼ 6 million=meter. The image sequence in Fig. 9 was obtained with the sheet located close to the model surface (approximately 0:9 mm), whereas that in Fig. 10 corresponds to a sheet location approximately 1:9 mm above the model surface. Note that the nominal boundary layer thickness directly upstream of the trip location is approximately 0:7 mm (as compared to the trip height of 2 mm).
Because the trip was oriented at a 45°angle with respect to the main boundary layer flow, the seeded NO gas, which enters the image at the lower left corner, is deflected toward the top of the image. This triangular trip generates strong vortices, as seen in the images. The images acquired closer to the surface (Fig. 10) , the temporal evolution and progression of strong characteristic "corkscrew-shaped" vortices can be seen clearly in each image sequence. Focusing on the third streak from the bottom (indicated with a rectangular box), these corkscrewshaped vortices are seen to develop in the first few images, propagate downstream coherently in the middle three to five images, and, finally, begin to breakdown to irregular shaped structures in the final three to four images.
C. NO PLIF Cylindrical Trip Images at 500 MHz: Reynolds Number Variation
Cylindrical-shaped protuberances are of particular interest in that they will be present on the heat shield of NASA's Orion crew exploration vehicle (CEV) [26] . Tension ties that hold the capsule to the launch vehicle, as well as compression pads that buffer the heat shield from the launch vehicle, will be cylindrical in shape. Upon re-entry, remnants of these objects may cause the flow to transition from laminar to turbulent, significantly increasing the heat transfer to, and the ablation of, the thermal protection material surrounding and downstream of the protrusions. Presently, the CEV is being designed conservatively-assuming a fully turbulent flow over the heat shield. However, a more detailed understanding of the physics of such transitional flows could reduce the uncertainty margin-and thus the associated weight-of heat shields for the CEV and other future aerospace vehicles. Figs. 11-13 show a set of sheet-corrected 500 kHz image sequences obtained from a 2 mm tall by 4 mm wide cylindrical trip, at a variety of Reynold's numbers ranging from 1:5 million=m to 5:6 million=m, where in all cases, the sheet is located approximately 1 mm above the surface of the flat plate model. The false color PLIF images have been superimposed onto a computer-aided design (CAD) representation of the model, using the ViDI method [13] . Figure 11 shows a representative image sequence obtained at the lowest Reynolds number, corresponding to a stagnation pressure of 2:4 MPa. The imaged region is approximately 50 mm (2 in.) long by 25 mm (1 in.) tall. For this operating condition, the trip height is approximately twice as large as the boundary layer thickness. Consequently, the trip deflects the flow in the spanwise direction, and a partial dead air region develops immediately downstream of the trip. A horseshoe vortex originating from the front of the trip appears to be laminar but with a long wavelength and low amplitude unsteadiness, which propagates downstream as the images progress. For example, the arrows in Figs. 11(d) -11(f) highlight a weak disturbance that moves downstream. Five distinct streamwise-oriented streaks are observed downstream of the trip. The image sequence shown in Fig. 12 is obtained under identical conditions to that of Fig. 11 , except the facility stagnation pressure is increased to 3:45 MPa, corresponding to a Reynolds number of 2:4 million=m. Similar to Fig. 11 , a horseshoe vortex is again observed wrapping Fig. 9 , except that image was obtained 1:9 mm above the model surface. around the trip, but in this case, it develops into a highly periodic, larger amplitude and a shorter wavelength corkscrew-shaped vortex on one side of the trip (the second streak from the bottom in the images), and a longer wavelength disturbance on the other side (upper portion of image). Similar in some senses to the image sequence shown in Fig. 11 , the second streak from the bottom shows an initially highly coherent train of periodic vortices slowly breaking down into a more irregular and less well defined pattern. Figure 13 shows an image sequence for a Reynolds number of 6:2 million=m (P o ¼ 9:34 MPa), which was the highest Reynolds number case for this configuration. The image sequence exhibits tightly wound corkscrew-shaped vortices that are formed much closer to the trip than the corresponding vortices seen in Fig. 12 at lower Reynolds number. They are also observed on both sides (upper and lower portion of the image) of the trip. As they propagate downstream, they lose their organized structure, as illustrated, for example, by the structures highlighted with the white ovals. Some structures transition into those having smaller length scales, as illustrated by the two faint C-shaped structures that can be seen on the right side of the highlighted oval in Fig. 13(f) .
Image sequences, such as those shown in this work, demonstrate the ability of the high frame rate imaging system to capture the dynamics of the development and evolution of the streak instabilities that are characteristic of transitional hypersonic flow, as well as their breakup into irregular shaped structures-and in some cases, their dissolution. They also demonstrate the ability of the system to generate image sequences in which the origin of the different shaped downstream flow structures can be traced back to the specific instability from which it developed. Future work will focus on extending the capabilities of the ultrahigh frame rate diagnostic to obtain quantitative flow data, including both molecular tagging velocimetry [27, 28] and two line rotational (and vibrational) temperature diagnostics [29] .
Conclusions
We have demonstrated high repetition rate NO PLIF imaging in NASA Langley's 31 in. Mach 10 wind tunnel with emphasis on demonstrating the ability to capture the dynamics of laminar-to-turbulent transition in hypersonic flows. Approximately 200 timecorrelated image sequences of between 10 and 20 individual frames at 500 kHz and 1 MHz repetition rates were obtained over eight days of wind tunnel testing spanning two entries in March and September of 2009. The image sequences presented were obtained from the boundary layer of a flat plate model oriented at 20°with respect to the free-stream flow, in which transition was induced using cylindrical and triangular shaped protuberances. Images were captured from a laser sheet oriented parallel to the flat plate model at a location above the model surface that was swept from approximately 0.5 to 2:0 mm. Typical static temperature and pressure conditions at the outer edge of the nominally 1 mm thick boundary layer are 250 K and 2:9 kPa (22 Torr), respectively, although this is a function of both the flow stagnation conditions and the model orientation. The test gas is ordinary facility dried air, in which the boundary layer is seeded with a low mass flow rate of pure NO, to a local mole fraction of approximately 1 to 2% assuming complete and uniform mixing.
The high-speed image sequences captured a variety of laminar and transitional flow phenomena, ranging from mostly laminar flow, typically at lower Reynolds number and/or in the near wall region of the model, to highly transitional flow in which the temporal evolution and progression of characteristic streak instabilities and/or corkscrew-shaped vortices could be identified.
